Aim/hypothesis Studies have suggested a link between insulin resistance and mitochondrial dysfunction in skeletal muscles. Our primary aim was to investigate the effect of aerobic training on mitochondrial respiration and mitochondrial reactive oxygen species (ROS) release in skeletal muscle of obese participants with and without type 2 diabetes. Methods Type 2 diabetic men (n=13) and control (n=14) participants matched for age, BMI and physical activity completed 10 weeks of aerobic training. Pre-and posttraining muscle biopsies were obtained before a euglycaemichyperinsulinaemic clamp and used for measurement of respiratory function and ROS release in isolated mitochondria. Results Training significantly increased insulin sensitivity, maximal oxygen consumption and muscle mitochondrial respiration with no difference between groups. When expressed in relation to a marker of mitochondrial density (intrinsic mitochondrial respiration), training resulted in increased mitochondrial ADP-stimulated respiration (with NADH-generating substrates) and decreased respiration without ADP. Intrinsic mitochondrial respiration was not different between groups despite lower insulin sensitivity in type 2 diabetic participants. Mitochondrial ROS release tended to be higher in participants with type 2 diabetes. Conclusions/interpretation Aerobic training improves muscle respiration and intrinsic mitochondrial respiration in untrained obese participants with and without type 2 diabetes. These adaptations demonstrate an increased metabolic fitness, but do not seem to be directly related to training-induced changes in insulin sensitivity.
Introduction
Type 2 diabetes and obesity are characterised by skeletal muscle insulin resistance. Insulin resistance precedes the development of type 2 diabetes and is seen in non-diabetic first-degree relatives of patients with type 2 diabetes [1] . Despite intense research, the mechanisms underlying insulin resistance are not completely understood.
A decade ago Kelley and Mandarino suggested that insulin resistance in skeletal muscles is caused by mitochondrial dysfunction [2] . Since then several studies have investigated this hypothesis, but so far results have been ambiguous. When mitochondrial activity was determined per muscle weight (i.e. muscle oxidative capacity), studies have either shown no differences [3] [4] [5] or a lower [6] [7] [8] [9] [10] [11] [12] mitochondrial activity in insulin-resistant participants. Studies that have related mitochondrial activity to markers of mitochondrial volume (intrinsic mitochondrial activity) have either shown a lower [6, 12, 13] or no difference [9-11, 14, 15] in mitochondrial activity in insulin-resistant participants. Thus, reduced insulin sensitivity in insulinresistant participants is not consistently related to low mitochondrial activity.
Recently, it was suggested that beside the potential link between mitochondrial activity and insulin sensitivity, the mitochondrial production of reactive oxygen species (ROS) may also play an essential role in determining skeletal muscle insulin sensitivity. In cultured cells there is experimental evidence that ROS have an inhibitory effect on insulin signalling [16, 17] . Human studies have shown that obesity and high-fat diet increase mitochondrial hydrogen peroxide release [18] . Furthermore, a recent study showed that mitochondrial ROS release was higher in muscle of patients with type 2 diabetes than in obese controls, but similar to that observed in lean control participants [19] . Interestingly, studies have also shown that a transient physiological increase in ROS may be essential for a training-induced increase in insulin sensitivity in type 2 diabetes patients [20] and for protection against high-fat diet-induced insulin resistance in rodents [21] . Both these studies [20, 21] suggest that ROS have a beneficial effect when increased ROS is transient, but are harmful when the increased concentration is sustained, as seen in response to chronic hyperglycaemia and dyslipidaemia.
As the major site for cellular ROS production, the mitochondrion [22] is especially prone to oxidative damage. The higher mitochondrial ROS release in type 2 diabetes patients [19] may explain the lower intrinsic mitochondrial activity seen in some studies [6, 12, 13] . It is, however, possible that mitochondrial ROS release is influenced by the level of physical fitness [23] , which was not assessed in the previous studies [19] . Thus, it remains to be established whether mitochondrial ROS production differs between type 2 diabetes and control participants who are matched for physical fitness.
It is well known that physical training increases skeletal muscle insulin sensitivity in type 2 diabetes patients [24] . The mechanism might be related to improved muscle oxidative capacity [25] . A recent study showed that physical training improves in vivo mitochondrial function concomitantly with increased insulin sensitivity in type 2 diabetes patients and control participants [26] . As suggested by the authors, the improved in vivo mitochondrial function may be due to increased mitochondrial content and/or increased functionality per mitochondrion (intrinsic) [26] . These results are in agreement with another study showing that changes in plasma glucose concentration and HbA 1c , induced by increased physical activity and weight-loss, were significantly associated with increased mitochondrial content [27] . Interestingly, it has been suggested that insulin-resistant participants may have a lower response to physical training [28] . Recently it was shown that the response to acute exercise in terms of expression and protein content of genes coding for mitochondrial biogenesis was lower in insulin-resistant non-diabetic participants than in lean control participants [29] . However, it remains to be investigated whether the response to physical training in genes coding for mitochondrial biogenesis is lower in insulin-resistant participants. It also remains to be assessed whether physical training alters intrinsic mitochondrial function in type 2 diabetes patients and control participants.
The purpose of the present study was to investigate the effect of training on mitochondrial ROS release, mitochondrial respiration (both intrinsic and per tissue weight) and markers of mitochondrial biogenesis in skeletal muscle of obese type 2 diabetes patients and obese non-diabetic control participants. We also sought to examine the relation of training to concomitant changes in insulin sensitivity. We hypothesised that type 2 diabetes patients (vs obese controls) would have higher mitochondrial ROS release, but lower intrinsic mitochondrial respiration, and that these abnormalities would be improved after endurance training.
Methods
Participants We studied 13 obese type 2 diabetes patients and 14 obese control participants. Control participants had normal glucose tolerance (by 120 min OGTT with 75 g carbohydrate) and no family history of type 2 diabetes. Type 2 diabetes patients and control participants were matched for age (45-65 years), sex (all men) and obesity (BMI>27 kg/m 2 ). Type 2 diabetes patients were treated with diet alone (n = 1) or diet in combination with sulfonylurea (n=5) or metformin (n=11). The patients were all negative for GAD65 antibody and had no signs of diabetic retinopathy, neuropathy, nephropathy or macrovascular complications. All participants had normal results on blood tests screening for hepatic and renal function. All participants gave written informed consent and the study was approved by the local Ethics Committee of Funen and Vejle County, Denmark. It was performed in accordance with the Declaration of Helsinki.
All participants completed the pre-training tests (see below), except one control participant who was unable to complete the euglycaemic-hyperinsulinaemic clamp test. Three participants did not complete the post-training test due to complete interruption of the training programme (one person per group) or due to unwillingness to repeat the clamp test (one control). Despite dropouts, all participants who completed the pre-training tests were included in the data analysis to increase statistical power for the comparison of mitochondrial ROS release between type 2 diabetes and control participants.
Training programme Participants underwent 10 weeks of aerobic training as described previously [30] . Briefly, training consisted of 10 weeks of cycling on stationary bikes. Training was partly supervised (two times per week) and partly done at home (two to three times per week). Training sessions ranged from 20 to 35 min per session and were performed four to five times per week at an average exercise intensity of ∼65% of maximal oxygen consumption V Á O 2peak À Á . Participants used heart rate monitors (Polar Vantage; Polar Electro, Kempele, Finland) during all sessions. Data recorded by the heart rate monitors were used to verify training intensity and training volume. Participants were instructed not to make any dietary changes throughout training programme.
Test protocols Before and after the 10-week training, participants underwent an exercise test to determine V Á O 2peak
and a euglycaemic-hyperinsulinaemic clamp, combined with muscle biopsies as described previously [30] . Briefly, the euglycaemic-hyperinsulinaemic clamp was performed before and after the 10 week training programme, ∼48 h after the last exercise bout. In patients with type 2 diabetes, medication was withdrawn 1 week prior to the clamp studies and then resumed. Participants underwent a 2 h basal tracer equilibration period followed by 3 h of insulin infusion at 80 mU min −1 m −2 after a 12 h overnight fast. Plasma glucose was allowed to decline to ∼5.5 mmol/l in diabetic participants before glucose infusion was initiated. The insulinstimulated rate of glucose disposal (R d ) was calculated as the average amount of glucose (mg min −1 [kg fat-free-mass] Muscle biopsies from vastus lateralis muscle were obtained on the day of the clamp test, but before insulin infusion, using a modified Bergström needle with suction under local anaesthesia (10 ml lidocaine 2%). The major part of the biopsy was used for isolation of mitochondria as described previously [31] . The remaining part was rapidly frozen in liquid nitrogen and stored at −80°C for later determination of uncoupling protein isotype 3 (UCP3) protein content, enzyme activity, fibre-type distribution and measures of gene expression. Due to lack of material or low respiratory activity, Protocol 2 and State4 respiration in Protocol 1 before training were not performed in eight (control n=5, type 2 diabetes n=3) and seven (control n=5, type 2 diabetes n=2) participants, respectively.
Respiratory activity of isolated mitochondria
Respiratory control index (RCI) (=State3 divided by State4) and ratio of ADP consumed:oxygen utilised (i.e. ADP added divided by oxygen consumption during State3) were calculated when using pyruvate + malate and palmitoyl-L-carnitine+malate, and used to evaluate the success of the isolation procedure, and the integrity and coupled state of inner mitochondrial membrane. Mitochondrial H 2 O 2 release was determined after addition of succinate (5.1 mmol/l) plus rotenone (2.1 µmol/l) for measurement of mitochondrial ROS release in the presence of rotenone (ROS rot ), which describes ROS production from complex III without blockage of forward electron flow. For measurement of mitochondrial ROS release in the presence of antimycin A (ROS anti ), antimycin A (1.5 µg/ml) was added, which blocked electron flow, causing maximal superoxide production from complex III. Four different concentrations of H 2 O 2 were added to establish a standard curve.
Mitochondrial ROS release
Expression of genes encoding mitochondrial proteins and markers of mitochondrial biogenesis Total RNA was extracted from 1.0 to 2.5 mg freeze-dried muscle with a reagent (PureZOL; Bio-Rad Laboratories, Sundbyberg, Sweden). RNA purity and concentration were determined with spectrometry. RNA (1 μg) was used for transcription of 20 μl cDNA with a kit (iScript cDNA Synthesis; BioRad). Real-time PCR amplification mixtures (25 μl) contained 12.5 μl 2×SYBR Green Supermix (Bio-Rad), 0.5 μl 10 μmol/l forward and reverse primers respectively, and 11.5 μl template cDNA and RNase-free water together. Control group and diabetes samples were run on the same plate to permit direct relative comparisons. Real-time PCR was performed with iCycler (Bio-Rad). A series of genes were determined, which included CPT1B, PDK4, COX1 (also known as PTGS1), COX4 (also known as COX4I1), PGC-1α (also known as PPARGC1A), PGC-1β (also known as PPARGC1B), PPARA, PPAR-β (also known as PPARD), PPARG, PRC (also known as PPRC1) and GAPDH was used as reference gene. mRNA relative levels were automatically analysed by the Normalised Expression Vandesompele ( ΔΔ CT Advanced) tool in the software (iCycler; Bio-Rad).
Fibre-type distribution, UCP3 protein content and CS activity Fibre-type distribution was determined by electrophoresis as different isotypes of myosin heavy chain (MHC) I, MHC II and MHC IIx as previously described [32] . UCP3 was determined in fourteen participants (type 2 diabetes n=6, control n=8). Determination of UCP3 protein content was analysed in duplicate as described in detail previously [33] . The U CS activity in the mitochondrial rich solutions (CS mito ) and of CS per g muscle wet weight (CS muscle ) was determined spectrophotometrically at 25°C as described by Alp et al. [34] . Intrinsic mitochondrial respiration and H 2 O 2 production in isolated mitochondria were determined by relating measures to CS mito . Respiration per kg wet weight was calculated by multiplying intrinsic respiration by CS muscle activity.
Statistics Data are presented as means±SEM. A software package (Systat software, Richmond, CA, USA) was used 
Results

Participant characteristics
Patients with type 2 diabetes and control participants were matched with respect to age, BMI and V Á O 2peak (Table 1) . Training caused a significant increase in V Á O 2peak in both groups, with no difference in increase between groups (type 2 diabetes 12±4% vs control 16±2%, p=0.4) ( Table 1) . Training also resulted in a significant decrease in weight and BMI, but only in control participants (Table 1) .
Insulin sensitivity and blood profile R d was significantly lower in type 2 diabetes patients both before and after training ( (Fig. 2a, b) . Similar changes were observed with other substrates, but the changes were not statistically significant (Fig. 2b) . There was no difference between groups in the respiratory measures (Fig. 2) . When expressed per mitochondrial density (i.e. CS activity), training increased intrinsic State3 PYRUVATE (p= 0.02) and State3 PYRUVATE+GLUTAMATE (p=0.03), and decreased State4 PALMITOYL-L-CARNITINE (p = 0.005) and State4 PYRUVATE (p=0.01) in the whole groups of participants (Table 3) . When divided into groups, training tended to increase State3 PYRUVATE (p=0.07) and State3 PYRUVATE+ GLUTAMATE (p=0.06) in control participants, but there were otherwise no significant changes in intrinsic respiratory (Table 3) . Training caused a significant increase in RCI pyruvate and RCI palmitoyl-Lcarnitine in the whole group of participants. Within groups, type 2 diabetes patients also had a significant increase in RCI palmitoyl-L-carnitine (Table 3) .
Mitochondrial ROS release Pre-training type 2 diabetes patients tended to have a higher succinate-supported mitochondrial ROS rot (p=0.10), but there was no difference after addition of antimycin A (ROS anti ) (Fig. 3) . Training tended to decrease ROS rot in the whole group of participants (p=0.10), but had no significant effect on ROS anti .
CS activity, UCP3 protein content and fibre-type composition Training caused a significant increase in muscle CS activity in both groups (type 2 diabetes pre 60.8±5.6, post 98.0±9. Fig. 4 ).
Gene expression Pre-training type 2 diabetes patients had significantly higher expression of PDK4 than control participants, but there were no other differences in gene expression between groups. Training increased mRNA of PPARG significantly in type 2 diabetes patients (p=0.02) and in control participants (p=0.001) (Fig. 5b) . Interestingly, mRNA of PDK4 (p<0.001), COX1 (p=0.008) and COX4 (p=0.02) increased significantly in control participants after training (Fig. 5a ), but not in type 2 diabetes patients.
Discussion
The main result of the present study is that 10 weeks of aerobic training resulted in a significant increase in mitochondrial respiratory capacity when determined per muscle weight. When respiration was related to a marker of mitochondrial content (intrinsic), training resulted in increased complex I-supported respiration and a decrease in State4 respiration. Training also increased expression of genes encoding mitochondrial ETC proteins and of PPARG, suggesting increased mitochondrial biogenesis. There was no difference in training adaptability between type 2 diabetes and control participants. This demonstrates that aerobic training improves muscle oxidative function regardless of the degree of insulin resistance. Another interesting finding was that mitochondrial ROS release tended to be higher in type 2 diabetes patients than in control participants and tended to decrease in response to training.
Effect of training on mitochondrial respiration and mitochondrial biogenesis The main purpose of the present study was to investigate the effect of physical training on several mitochondrial variables in obese participants with and without type 2 diabetes, and matched for physical fitness, obesity and age. Training resulted in a large (about 63%) increase in muscle oxidative capacity shown by increased State3 respiration per kg muscle weight. These results are in accordance with a recent study showing that in vivo mitochondrial function increased in type 2 diabetic and control participants [26] . The present study expands on this finding by showing that the adaptation seems to be most pronounced in the mitochondrial ability to use complex I-supporting substrates, since the most significant adaptation was when pyruvate and glutamate were used as substrates (Fig. 2a) . As suggested by Meex et al. [26] , an increase in muscle oxidative capacity is most likely to be caused by increased mitochondrial content and/or increased intrinsic mitochondrial activity. In the present study, CS activity, a marker of mitochondrial content, increased by ∼50% in the whole group. Furthermore, even though biopsies were taken 48 h after the last training session, expression of genes encoding several mitochondrial proteins was significantly increased, supporting a sustained increase in mitochondrial biogenesis (Fig. 5a, b) . Even though the response to training in some cases seemed to be more pronounced in control participants (expression of PDK4, COX1 and COX4; MHCIIx protein levels), collectively the results suggest that the higher degree of insulin resistance in type 2 diabetes patients does not alter the adaptation of muscle oxidative capacity and mitochondrial functionality. An interesting finding of this study was that intrinsic mitochondrial respiration with NADH-generating substrates (pyruvate and glutamate) increased about 11% in response to training, whereas that with other substrate combinations (ETC max , State3 PALMITOYL-L-CARNITINE, State3 PALMITOYL-L-CARNITINE+SUCCINATE , State3 MULTI ) was unchanged. The increased State3 PYRUVATE and [35] and others [33] have reported previously in young, trained and untrained participants. Values of State3 PYRUVATE obtained prior to training were about 15% lower in this study than previously observed in young non-obese participants [35] . However, after training State3 PYRUVATE increased to the same level as in young participants. This difference between young lean and middle-aged obese participants in intrinsic mitochondrial respiration is in accordance with previous reports [33] and is most likely to be due to differences in physical fitness and/or age.
Mitochondrial ROS release and the effect of training Previous studies have suggested that increased cytosolic concentration of free radicals have an inhibitory effect on the insulin signalling cascade [16] . A main purpose of the present study was to investigate the hypothesis that insulin resistance is associated with increased mitochondrial ROS release. We showed that type 2 diabetes patients tended to have higher ROS rot , which training tended to decrease. A recent study showed that type 2 diabetes patients had higher mitochondrial ROS release than matched obese control participants [19] . It has also been shown that type 2 diabetes patients had significantly higher ROS release than lean participants when related to ATP production, but similar ROS release when related to mitochondrial protein [19] . Similarly to the protocol used by Abdul-Ghani et al. [19] , ROS rot was determined in the presence of rotenone, which inhibits the unphysiological backflow of electrons from complex II to complex I. The fate of the electrons is therefore: (1) to be donated to oxygen, forming water in complex IV; or (2) to be donated to oxygen, forming superoxide in complex III. Although this in vitro model may not correspond to conditions in vivo, the results demonstrate an increased potential for ROS release in ETC, which will probably have an impact on ROS production in vivo. The excessive supply of substrate in type 2 diabetes (hyperglycaemia and hyperlipidaemia) may be an additional factor that increases ROS production in vivo.
One mitochondrial protein related to mitochondrial ROS production is UCP3. Previous studies have suggested that UCP3 acts as a protective mechanism against mitochondrial ROS production [36] . Indeed, training did cause a significant 72% increase in UCP3 protein in the whole group of participants. Moreover, as described above, it also caused a ∼50% increase in mitochondrial content (CS activity). Thus, UCP3 protein levels per mitochondrion would also have been increased and may in part explain the tendency towards decreased intrinsic mitochondrial ROS release. However, further research is needed to verify that UCP3 contributes to uncoupling, thereby leading to lower ROS production in humans.
The potential link between insulin resistance and mitochondrial function During the last decade there has been an increased interest in the potential link between mitochondrial function in skeletal muscle and insulin sensitivity in obesity and type 2 diabetes. However, only few studies have assessed intrinsic mitochondrial function. Of these, some have shown lower intrinsic mitochondrial function [6, 12, 13] , whereas others have been unable to detect a difference between type 2 diabetes patients and control participants [9-11, 14, 15, 37] . One study, moreover, showed higher lipid oxidation in isolated mitochondria in patients with type 2 diabetes [38] . Recently, we reported impaired mitochondrial respiration in skeletal muscle of patients with type 2 diabetes when measured as ETC max and State3 PYRUVATE respiration [13] . However, in that study, the level of physical activity and aerobic capacity was not determined. In the present study, groups had similar aerobic capacities and there was no difference in any intrinsic respiratory measures. We have also demonstrated that physical training increases intrinsic mitochondrial respiration. We therefore suspect that the difference in intrinsic mitochondrial respiration reported in our previous study was due to lower physical fitness in type 2 diabetes patients than in the control participants. In summary, the present study shows that aerobic training increases muscle oxidative capacity and intrinsic mitochondrial State3 respiration, decreases State4 respiration and increases mitochondrial biogenesis in middle-aged obese men with and without type 2 diabetes. Increased State3 and decreased State4 respiration represent an increase in mitochondrial functionality that is most likely to be related to an improvement in mitochondrial substrate handling. Type 2 diabetes patients were significantly more insulin-resistant than control participants matched for age, obesity and physical activity, but there were no differences between groups in mitochondrial respiration. These findings refute the hypothesis that the additional insulin resistance seen in obese type 2 diabetic patients vs those with obesity alone is caused by low intrinsic mitochondrial activity or low oxidative capacity. However, the possibility that a combination of low muscle oxidative capacity and substrate overload (hyperglycaemia, hyperlipidaemia) creates a condition of increased ROS production and insulin resistance remains to be investigated.
